In the renal tubules, ATP released from epithelial cells stimulates purinergic receptors, regulating salt and water reabsorption. However, the mechanisms by which ATP is released into the tubular lumen are multifaceted. Pannexin1 (Panx1) is a newly identified. ubiquitously expressed protein that forms connexin-like channels in the plasma membrane, which have been demonstrated to function as a mechanosensitive ATP conduit. Here, we report on the localization of Panx1 in the mouse kidney. Using immunofluorescence, strong Panx1 expression was observed in renal tubules, including proximal tubules, thin descending limbs, and collecting ducts, along their apical cell membranes. In the renal vasculature, Panx1 expression was localized to vascular smooth muscle cells in renal arteries, including the afferent and efferent arterioles. Additionally, we tested whether Panx1 channels expressed in renal epithelial cells facilitate luminal ATP release by measuring the ATP content of urine samples freshly collected from wild-type and Panx1 Ϫ/Ϫ mice. Urinary ATP levels were reduced by 30% in Panx1 Ϫ/Ϫ compared with wild-type mice. These results suggest that Panx1 channels in the kidney may regulate ATP release and via purinergic signaling may participate in the control of renal epithelial fluid and electrolyte transport and vascular functions. ATP release; channel; immunofluorescence; kidney PURINERGIC SIGNALING IS INVOLVED in several major regulatory mechanisms in the kidney, including tubuloglomerular feedback, control of renin release, and tubular fluid and electrolyte transport (17). ATP concentrations consistent with P2 receptor activation have been found in the tubular lumen (40). Additionally, the identity of several P2X and P2Y receptors along the renal epithelium, as well as their effect on ion transport, has already been determined (17). However, the mechanisms by which ATP, the ligand, is released into the tubular lumen remain contentious.
PURINERGIC SIGNALING IS INVOLVED in several major regulatory mechanisms in the kidney, including tubuloglomerular feedback, control of renin release, and tubular fluid and electrolyte transport (17) . ATP concentrations consistent with P2 receptor activation have been found in the tubular lumen (40) . Additionally, the identity of several P2X and P2Y receptors along the renal epithelium, as well as their effect on ion transport, has already been determined (17) . However, the mechanisms by which ATP, the ligand, is released into the tubular lumen remain contentious.
In the renal tubules, ATP may be released by both vesicular and channel-based release mechanisms. Several different transporters have been proposed as ATP conduits, including the cystic fibrosis transmembrane conductance regulator and the P2X7 receptor, but subsequently their ATP permeability has been challenged (24) . It has also been suggested that connexin (Cx) proteins can form hemichannels, or connexons, which allow ATP release to the extracellular fluid (8, 10, 12, 24) . Recently, a study from our laboratory provided evidence that Cx30 is required for luminal ATP release in the cortical collecting duct and that this mechanism is involved in pressurenatriuresis (35) . However, the issue of functional hemichannels formed solely by connexins under physiological conditions is controversial (37) .
A recently identified plasma membrane ATP channel is the pannexin channel (3) (4) (5) (6) (7) . Pannexins are a class of proteins that also form hexameric transmembrane channels, similar to those formed by connexins (4, 5, 7) . Despite having similar structures, connexins and pannexins have no sequence homology. There is consensus that pannexin channels are not gap junction hemichannels (16, 36) . Overwhelming evidence suggests that pannexins form functional channels under physiological conditions, allowing the passage of small molecules between the intra-and extracellular environment (3, 5, 7, 9, 30, 33) . Three pannexin isoforms have been identified, i.e., Panx1, Panx2, and Panx3, and all three have been reported to form functional single-membrane channels (1, 23 ] (3-5). As such, Panx1 channels have been shown to facilitate ATP release in several cell types, including epithelial cells in the lungs and taste buds (3, 15, 18, 26) . Additionally, studies have found Panx1 mRNA expression in the kidney (4, 27) .
Therefore, in the present study we aimed to determine the intrarenal localization and cell-specific expression of Panx1 protein using immunofluorescence in the mouse kidney. In addition, urinary ATP levels were measured in wild-type and Panx1 Ϫ/Ϫ mice to test whether, similar to in other organs, Panx1 plays a role in ATP release in renal epithelial cells.
MATERIALS AND METHODS
Animals. Male C57BL/6 mice (8 -10 wk of age, bred in house) were used for the immunolocalization studies and were fed standard diets (Harlan, Madison, WI) and drinking water ad libitum. Mice were anesthetized with a combination of ketamine (100 mg/kg) and xylazine (10 mg/kg) and, after kidney extraction, euthanasia was performed using cervical dislocation. Immunoblotting and ATP measurements were performed using samples from Panx1 Ϫ/Ϫ mice and their wild-type littermates. The generation of Panx1 Ϫ/Ϫ mice used for these studies was described previously (29, 39) . All animal protocols were approved by the Institutional Animal Care and Use Committee at the University of Southern California.
chased from Sigma. The antibodies were characterized in previous publications (22, 28, 31) .
Immunofluorescence labeling of kidney tissue. Kidneys were fixed in situ by perfusion of 4% paraformaldehyde, and coronal tissue blocks containing all kidney zones were then placed in the same fixative overnight at 4°C. Kidney blocks were embedded in paraffin, and 4-m sections were cut, deparaffinized in toluene, and rehydrated through xylene and graded ethanol. To retrieve antigens, slides were heated for 2 ϫ 10 min in a microwave with medium heat in PBS and allowed to cool for 40 min. Sections were then fixed with 4% paraformaldehyde for 10 min and permeabilized for 10 min with 0.1% Triton X-100 in PBS. Ten % BlockHen (Aves, Tigard, OR) in PBS was applied to sections for 1 h to block nonspecific binding. Sections were then probed with Panx1 chicken polyclonal antibodies, at a dilution of 1:100 overnight followed by incubation with secondary Alexa Fluor 594-conjugated goat anti-chicken antibodies (Invitrogen, Carlsbad, CA) at a 1:500 dilution for 1 h. Additionally, some sections were also probed with the following antibodies: ␣-smooth muscle actin (1:1,000), AQP1 (1:50), AQP2 (1:500), and NCC (1:500). These sections were incubated for 1 h with either goat anti-rabbit or goat anti-mouse secondary Alexa Fluor 488-conjugated antibodies at a dilution of 1:500. Following a final wash step, all sections were mounted with Vectashield mounting media containing the nuclear stain 4,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA) and examined with a Leica TCS SP2 confocal microscope.
Immunoblotting of tissue. Kidneys from three wild-type and three Panx1 Ϫ/Ϫ mice were perfused with cold PBS to remove blood, snap frozen in liquid nitrogen, and sent to us on dry ice from the laboratory of Prof. Eliana Scemes (Department of Neuroscience, Albert Einstein College of Medicine, Bronx, NY). Brain samples were taken from mice, and all tissues were processed and homogenized as described recently (21) . Protein concentrations were determined using the Pierce BCA kit (Thermo Scientific), and 80 g of protein were then run on SDS-PAGE gels, transferred to polyvinylidene difluoride membranes (Immobilon-FL; Millipore, Temecula, CA), blocked (bløk-FL; Millipore), and then probed with chicken polyclonal antibodies to Panx1 at a dilution of 1:1,000 overnight. Reactivity of the primary antibodies was detected with IR680-labeled goat anti-chicken antibodies (1: 5,000 dilution, Li-Cor). To test for protein loading and quality of transfer, the blot was reprobed with a mouse monoclonal antibody to ␤-actin (1:10,000 dilution, Chemicon) at room temperature for 1 h. The primary antibody was recognized by an IR800-labeled goat anti-mouse antibody (1:5,000 dilution, Li-Cor). Blots were imaged using the Odyssey Infrared Imaging System (Li-Cor) and accompanying software.
Urine analysis. Spot urine samples were freshly harvested at the same time from 10 wild-type and 10 Panx1 Ϫ/Ϫ mice, frozen immediately, and sent to us on dry ice (kind gift from Prof. Eliana Scemes).
Samples were diluted eightfold with ddH2O, and urinary ATP was measured in 100-l samples by a luciferin-luciferase ATP assay kit (Sigma) in accordance with manufacturer's instructions. Luminescence was detected using a cuvette-based spectrofluorometer (Quantamaster-8, PTI, Birmingham, NJ), and data was analyzed using FeliX32 software (PTI). A standard ATP curve was generated using ATP disodium salt (Sigma) and its serial dilutions (at 1, 2.5, 5, 10, 25, 50, and 100 nM concentrations) to determine the linear dynamic range of the assay and the spectrofluorometry system. Data were collected in relative luminescence units and calibrated to the standard curve to calculate the concentration of ATP. Each sample was measured in triplicate and then averaged. Urinary creatinine values were assessed with an improved Jaffé method using a Creatinine Companion Kit (Exocell, Philadelphia, PA), and urine osmolality was measured with a Vapro 5520 Vapor Pressure Osmometer (Wescor, Logan, UT) following the manufacturers' protocols. Statistical significance was calculated by Student's t-test (2-tailed) with data shown as means Ϯ SE. P Ͻ 0.05 was considered significant.
RESULTS

Expression of Panx1 within the mouse kidney.
While previous studies have shown evidence of Panx1 mRNA in the kidney, no details regarding the specific renal localization of Panx1 were presented. Therefore, immunofluorescence studies were performed to establish where Panx1 protein is expressed within the kidney. Mouse kidney sections were labeled with chicken polyclonal Panx1 antibodies and imaged using confocal fluorescence microscopy ( Fig. 1) . Intense Panx1 labeling was observed in both cortical (Fig. 1A) and medullary (Fig. 1B) tubule segments, including proximal tubules and collecting ducts as well as thin-walled tubular structures. Labeling was present mostly at the apical membrane of tubules, in addition to weaker intracellular staining ( Figs. 1 and 2) . No signal was detected in the glomerulus, while Panx1 labeling was observed in both the large and small arteries, including afferent ( Fig. 2D ) and efferent arterioles (not shown). In these blood vessels, the immunolabeling of Panx1 colocalized with that of the vascular smooth muscle cell marker ␣-smooth muscle actin (Fig. 2D) . The vascular endothelium was devoid of Panx1 labeling (Fig.  2D, inset) .
Colabeling of Panx1 with tubule segment-specific markers. Mouse kidney sections were colabeled with antibodies against Panx1 and several tubule segment-specific markers to confirm the initially observed Panx1 labeling (Fig. 2, A-C Henle, sections were colabeled with Panx1 and AQP1, a marker of the descending thin limbs. Panx1 labeling was detected in all AQP1-positive cells in the loop of Henle ( Fig.  2A) . Since some, but not all, cells of the cortical or medullary collecting duct expressed Panx1, colabeling with the principal cell marker AQP2 was used. Panx1 labeling was detected in both AQP2-positive and -negative cells, indicating that Panx1 is expressed in principal as well as intercalated cells (Fig. 2B) . Next, colabeling of Panx1 and NCC, a known marker of the distal convoluted tubules, was performed. Panx1-positive tubules consistently lacked any NCC expression, indicating that Panx1 is not expressed in the distal convoluted tubules (Fig. 2C) . Panx1 is necessary for ATP release into the urine. To test whether, similar to in other organs and cell types, Panx1 has a role in ATP release by renal epithelial cells, we obtained kidney tissue and urine samples from wild-type and Panx1 Ϫ/Ϫ mice. First, whole kidney homogenates from wild-type and Panx1 Ϫ/Ϫ mice were immunoblotted with Panx1 antibodies to confirm Panx1 deficiency. Brain tissue homogenate served as a positive control, and equal protein loading was confirmed by ␤-actin levels (Fig. 3) . Strong bands characteristic of Panx1 (6, 18, 23) were detected around the expected size in wild-type but not in Panx1 Ϫ/Ϫ mouse kidneys. There was a very weak but detectable lower band in Panx1 Ϫ/Ϫ kidneys (Fig. 3) . Since the plasma membrane ATP channel Panx1 was localized at the apical membrane in various renal tubule segments, we quantified the concentration of ATP in freshly collected urine. First, an ATP calibration curve was established using known ATP standards (Fig. 4A) . As shown in Fig. 4B 
DISCUSSION
Here, we present the cell-specific localization of Panx1 protein expression within the mouse kidney. Strong Panx1 immunolabeling was found in both cortical and medullary tubule segments. Specifically, Panx1 expression was detected in the proximal tubule, the thin descending limb of the loop of Henle, and the collecting duct system. Apical membrane localization was prominent in the proximal tubule and collecting ducts, suggesting that Panx1 could serve as a membrane channel in these regions. In the renal vasculature, both large and small arteries showed expression of Panx1, including the afferent and efferent arterioles. Additional in vivo studies using wild-type and Panx1
Ϫ/Ϫ mice demonstrated that Panx1 channels expressed in renal epithelial cells facilitate ATP release. These localization and functional studies suggest that Panx1 channels may regulate ATP release into the tubular lumen and in the renal vasculature. Panx1 may participate in the control of renal epithelial fluid and electrolyte transport and vascular functions.
A wide range of (patho)physiological roles have been speculated for Panx1 (5, 26, 30) . Based on the present findings, we speculate that one potential role of Panx1 in renal physiology is to regulate renal tubular salt and water transport and therefore body fluid homeostasis. In the proximal tubule, luminal purinergic receptor activation inhibits acidification (2), and relatively high levels of ATP have been found in the lumen (40) , suggesting that an ATP release mechanism is located along the brush-border membrane of proximal tubules. The localization of Panx1 in the proximal tubule provides one possible explanation for these earlier findings (Fig. 1A) . Panx1 expression was also found in the thin descending limb of the loop of Henle, where it may function similarly to Cx30.3 which is localized in the thin ascending limb, the adjacent segment of the loop of Henle (13) . We previously showed that Cx30 is expressed exclusively along apical membranes in the collecting ducts of mice, presumably as Cx hemichannels (19) . Additional work by Sipos et al. (35) demonstrated that Cx30 is necessary for ATP release and therefore salt and water transport regulation by purinergic signaling. Presently, however, there is no direct evidence of ATP passage via Cx30 hemichannels. Interestingly, Panx1 immunolabeling was also detected in the apical membrane of the collecting duct system (Figs. 1B and 2B) . If, as we predict, Panx1 is regulating ATP release in the collecting duct similarly to Cx30, an in vivo inhibition of Panx1 (such as in Panx1 Ϫ/Ϫ mice) would show a similar physiological effect as that seen in Cx30 knockout mice, namely, a blunted pressure natriuresis response resulting in a salt-retention phenotype (35) . Also, it should be noted that by demonstrating the apical localization of the protein where no gap junctions can occur, the present study contributes to the list of evidence against the gap junction function of Panx1 (9, 36) .
Additionally, we confirmed the ATP-releasing function of Panx1 in the kidney using freshly collected urine samples from wild-type and Panx1 Ϫ/Ϫ mice (Fig. 4B ). Immunoblotting confirmed Panx1 deficiency of kidney tissues obtained from Panx1 Ϫ/Ϫ mice, although a very low level of remaining Panx1 expression was detected (Fig. 3) . Due to the nature of the knockout strategy used to generate the Panx1-deficient mice, there is the possibility that Panx1 hypomorphism occurs in these mice, resulting in a low level of remaining Panx1 transcripts. These transcripts are currently being evaluated (personal communication from Prof. Eliana Scemes). Nevertheless, recent studies indicate that tissues and cells derived from the same Panx1 knockout mouse model function as total Panx1 knockouts (29, 39) . Importantly, urinary [ATP] was ϳ30% lower in Panx1 Ϫ/Ϫ mice compared with wild-type mice ( Ϫ/Ϫ mice (20) suggests the presence of alternative ATP release pathways in renal tubules that are not Panx1 channels or Cx hemichannels. Panx1-independent, nonvesicular ATP release was described recently in mouse erythrocytes (25) .
Panx1 dependence of urinary [ATP] found in the present study adds to the growing evidence that Panx1 is an ATP conduit that plays a role in purinergic signaling throughout the body. This role of Panx1 has been demonstrated in several organs and cell types, including other epithelia (9, 15, 18) . In airway epithelial cells, Panx1 expression was found at the apical membrane (similar to the localization we observed in the proximal tubule and collecting duct), and inhibition of Panx1 reduced ATP release (26) . Interestingly, airway epithelia and renal epithelia share additional key characteristics. Both respond to mechanical stress by releasing ATP and have ciliated cells which may act as a flow sensor. P2 receptor activation by the released ATP regulates transport in both regions (14, 17, 32, 40) . In the collecting duct specifically, purinergic signaling inhibits salt reabsorption via the epithelial Na channel, water reabsorption via AQP2, and potassium secretion by the renal outer medullary K ϩ channel (17) . There is also a flow-dependent component to the regulation of this transport, suggesting an ATP release mechanism that can be mechanically activated (17) . Our study suggests that Panx1, a mechanosensitive ATP channel, could regulate purinergic signaling in renal tubular epithelial cells. The recent discoveries that Panx1 channels serve as K ϩ sensors for changes in the extracellular milieu (29, 34, 39) may help establish further links between renal tubular K ϩ , ATP, and purinergic signaling (11) . Therefore, via ATP release and purinergic inhibition of renal epithelial salt and water transport, Panx1 may participate in important renal physiological mechanisms such as high-K ϩ diet-induced elevations in tubular flow, the aldosterone paradox, and aldosterone escape (11, 38) .
In summary, our results identified the expression and cellspecific localization of Panx1 channels in the kidney. Panx1 channel activity may be a mechanism by which ATP is released into the tubular lumen or within renal resistance arteries. As has been shown with Cx30, this points to a role for Panx1 in the regulation of renal tubular transport mechanisms by purinergic signaling. Future in vivo studies using genetic modification of Panx1 expression are needed to establish the role Panx1 plays in renal (patho)physiology.
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